organic carbon measurement indicated a release of metabolites in the culture medium. Further 27 analysis by gas chromatography revealed that a single metabolite accumulated during growth. 28
This metabolite had a molecular mass of 114 Da as determined by GC/MS and was 29 provisionally identified as 4-ethyldihydrofuran-2(3H)-one by LC-MS/MS analysis. 30
Identification was confirmed by analysis of the chemically synthesized lactone. Based on 31 these results, a plausible catabolic pathway is proposed whereby 2-EHN is converted to 4-32 ethyldihydrofuran-2(3H)-one, which cannot be metabolised further by strain IFP 2173. This 33 putative pathway provides an explanation for the low energetic efficiency of 2-EHN 34 degradation and its poor biodegradability. 35
INTRODUCTION 36
2-Ethyhexyl nitrate (2-EHN) is the nitric ester of 2-ethyl-1-hexanol. It is added at 0.05 % to 37 0.4 % to diesel formulations in order to boost the cetane number. As a result of the large use 38 of diesel worldwide, the 2-EHN market is about 100, 000 tons per year. 39
Although biodegradability has for a long time been regarded as a relevant characteristic of 40 chemicals, it was only recently incorporated to safety assessments. Considering fuel oils, 41 large volumes of oxygenates such as MTBE have been added to gasoline since 1992 (19) . 42
Because of lack of knowledge on their biodegradability and insufficient safety regulation, 43 pollution cases resulting from accidental releases occurred in many countries. In the US for 44 example, as many as 250 000 sites may have been polluted from leaking underground fuel 45 tanks (36). Poor knowledge of the biodegradation of widely-used chemicals may also hide 46 specious concerns relating to the toxicity of metabolic products. For example, degradation of 47 7 mercuric chloride (0.2 mg/l) and endogenous controls, lacking a carbon source but containing 115 HMN, were performed under similar conditions. 116
117

Analyses of substrate and products 118
Culture grown on 2-EHN were filtered on a PTFE membrane (0.45 µm) and cell biomass was 119 determined as dry weight after lyophilisation of the cell pellet. When HMN was omitted from 120 the growth medium, the total organic carbon (TOC) was measured on the filtrates using a 121 TOC-5050 carbon analyser (Shimadzu) according to the European norm NF EN 1484. Kinetics of 2-EHN biodegradation was studied using a few bacterial strains previously 176 selected among environmental isolates and collection strains for their ability to attack this 177 compound (33). Most of these strains were identified as members of the Mycobacterium 178 genus. In order to avoid growth inhibition due to 2-EHN toxicity, HMN was added as NAPL 179 to the bacterial cultures, and biodegradation time courses were monitored by measuring the 180 CO 2 production in the culture headspace. Biodegradation kinetics were found to vary widely 181 depending on bacterial strains (data not shown). M. austroafricanum IFP 2173 was the fastest 182 and most efficient of the microorganisms tested since it produced the largest amount of CO 2 183 (37 µmol per flask) after 13 days of incubation. M. austroafricanum IFP 2173 was also the 184 only strain able to grow on 2-EHN in the absence of HMN (data not shown). 185 186
Effect of 2-EHN supply mode on the biodegradation rate 187
The impact of NALP addition on 2-EHN biodegradation by strain IFP 2173 was studied 188 through continuous monitoring of substrate-dependent oxygen consumption by respirometry. 189
In the culture lacking HMN, O 2 uptake started after a lag phase of about one day, then 190 increased with time according to a sigmoidal curve (Fig. 1) . The maximal growth rate (µ max ) 191 could be deduced from oxygen uptake rate assuming that the biomass yield remained constant 192 during growth. Over a 9-day period of growth, µ max was calculated to be 0. (Fig. 3 a) showed that it had a molecular mass of 114.07 Da and the following 228 chemical formula: C 6 H 10 O 2 . The mass spectrum of this compound did not match any of the 229 spectra currently available in the databases. Nevertheless, a comparison of the LC-MS-MS 230 data of the excreted product with those of 3-methyldihydrofuran-2(3H)-one, a commercially-231 available product, revealed several common fragment ions. The analysis also indicated that 232 the molecule did not contain any carboxylic or hydroxyl groups (Fig. 3 b) . Taken together, 233 our data indicated that the product of interest might be 4-ethyldihydrofuran-2(3H)-one (4-234 EDF), which can also be designated as β-ethyl-γ-butyrolactone. In order to confirm the 235 structure of the metabolite, the chemical synthesis of 4-EDF was undertaken as described 236 under Materials and Methods (1). The LC-MS-MS characteristics of the synthesized lactone 237 were identical to those of the metabolite, confirming that the product which accumulated in 238 cultures of M. autroafricanum IFP 2173 grown on 2-EHN was 4-EDF. 239
The rate of 4-EDF accumulation was assessed by GC-FID analysis of the culture fluid during 240 growth. Fig. 4 shows that 4-EDF formation and CO 2 release were concurrent with 2-EHN 241
degradation. 242 243
Biodegradation of 2-EHN-derived compounds 244
As a means to elucidate the biodegradation pathway of 2-EHN by M. austroafricanum IFP 245 2173, we tested compounds with structures derived from 2-EHN as possible substrates. 2-246 ethylhexanol, the primary alcohol resulting from 2-EHN hydrolysis, was biodegraded, 247 yielding 2-ethylhexanoic acid and 4-EDF. 2-ethylhexanoic acid, the product resulting from 2-248 ethylhexanol oxidation was not biodegraded, even in the presence of HMN. This compound is 249 considered to be toxic for most bacteria (21). It should be noted that 2-EHN can be used as 250 sole nitrogen source by strain IFP 2173, indicating that nitrate is formed, probably as a result 251 of an initial attack on 2-EHN by an esterase (data not shown). 2-EHN biodegradation was also 252 tested in the presence of isooctane, the compound on which M. austroafricanum IFP 2173 253 was selected. Diauxic growth was observed, the strain degrading isooctane first and then 2-254 EHN into 4-EDF (data not shown). Mycobacterium-Nocardia (CMN) group of Gram-positive bacteria, it may be resistant to toxic 268 hydrocarbons thanks to the properties of its cell envelope, which is highly rigid and contains 269 mycolic acids (29). In Mycobacteria, mycolic acids are very long fatty acids (C 60 -C 90 ) that 270 contribute up to 60 % to the cell wall (9). The specific cell wall composition of the M. 271 austroafricanum strains studied here probably accounts for their resistance to 2-EHN. 272
However, it is unclear whether the unique ability of strain IFP 2173 to grow on 2-EHN 273 without NAPL is due to a cell wall composition slightly different from that of other strains or 274 to some other strain-specific trait. 275
Biphasic cultures, involving addition of an inert NAPL like HMN was found to be critical for 276 2-EHN biodegradation and bacterial growth. In the HMN-free cultures, the dissolved fraction 277 of 2-EHN represented only a minor part of the substrate supplied since it partitioned into three 278 distinct phases i.e. the gas phase, the aqueous phase, and the bulk of insoluble 2-EHN. During 279 the biodegradation process, the uptake of dissolved substrate was counterbalanced by the 280 equilibrium transfer of 2-EHN from the bulk of substrate (S subNAPL ) to the aqueous (S aq ) 281 according to the following scheme: 282 283 where S subNAPL and S aq represent the amounts of substrate in the bulk and in the aqueous 284 phase, respectively, X is the cell biomass and T NAPL/aq is the substrate transfer rate of 2-EHN 285 S sub/NAPL S sub/aq X T NAPL/aq Growth phase to the culture medium. In HMN-containing cultures, the dissolved 2-EHN was mainly 286 confined to NAPL. Because of the high hydrophobicity of their cell walls, microbial cells 287 tightly adhered to NAPL and direct contact was thus the most probable mode of substrate 288 uptake (7, 12). Accordingly, the large NAPL volume (500 µl of HMN versus 5 µl of 2-EHN in 289 the case of the NAPL-free culture), which increased substrate bioavailability, probably 290 accounted for its higher efficiency of assimilation by the microorganisms. Such conditions of 291 substrate delivery were apparently required to promote growth on 2-EHN of M. 
